Proteins often undergo abrupt structural transitions, which enables their functions. These discrete conformational changes underlie the exquisite control and sensitivity of biological organisms. Examples include pH sensitive flagella and molecular motor ATPases such as kinesin and myosin motors undergoing conformational changes with altered states leading to discriminating binding affinities for ADP + P~i~ and ATP^[@R1],[@R2]^. In contrast to the (switch like) discrete conformational states of proteins, many other biomacromolecules undergo continuous shape changes. For example, lipids may form spherical and cylindrical micelles, bilayers, or other assemblies, as variations in their local environment (pH, ionic strength, addition of co-lipids) continuously change the lipid\'s shape^[@R3]--[@R7]^.

In our studies we used proteins, which harness discrete shape remodeling specificity used in biology, as self-assembling building blocks. These "genetically preprogrammed" nanomaterials were found to be susceptible to molecularly triggered disassembly and simultaneous reassembly and emergence of new structure. This new paradigm for self-assembly is distinct from those employed previously where the complementary binding (*i.e.* recognition specificity) present in proteins, DNA, and RNA is used to construct specific contact between sub-units, allowing assembly into predictable yet relatively stable structures^[@R8]--[@R11]^.

The building blocks in our study were αβ-tubulin heterodimers, which exist in two distinct conformations with the transition between these two states controlled by GTP hydrolysis^[@R12]--[@R14]^. Protofilaments (PFs) -- head-to-tail assemblies of αβ-tubulin heterodimers αβ adapt straight and curved conformations for the GTP-tubulin and GDP-tubulin conformations, respectively. The assembled microtubule (MT) ([Fig. 1a](#F1){ref-type="fig"}) consisting, on average, of 13 straight PFs is stabilized by lateral PF-PF interactions. (Tubulin\'s distinct conformations underlie the broad range of cellular activities of tubulin and polymerized tubulin (i.e. MTs) which include imparting cell shape, as tracks for organelle transport, and as building blocks of dynamical spindles^[@R1],[@R2]^.) MT disassembly (*e.g.*, during dynamic instability) occurs when the layer of GTP containing β-subunits at the MT growing end is lost and when MTs depolymerize the protofilaments peel off as highly bent GDP-tubulin oligomers^[@R15],[@R12]^. The cancer chemotherapy drug taxol maintains the straight conformation for GDP-PFs (post hydrolysis) upon binding to the β-subunit facing the inner lumen^[@R16]--[@R19]^. Taxol stabilizes the straight conformation for GDP-PFs by raising the energy barrier and thus preventing the straight-to-curved transition over very long periods of time, on the order of many weeks to months (depending on the molar ratio of taxol to tubulin dimers)^[@R20],[@R21]^. Indeed, elegant AFM studies, at the single PF level, of taxol-stabilized straight and ring-like GDP-PFs show that taxol slows down the straight to curved transition of GDP-PFs^[@R20]^.

In a previous study it was found that taxol-stabilized MTs can be induced to assemble into hexagonally packed bundles, the B~MT~ phase, above a critical concentration of tetravalent spermine (4+) ([Fig. 1b](#F1){ref-type="fig"})^[@R22]^. The origin of the assembly is counterion-induced electrostatic attractions^[@R23],[@R24]^ between spermine coated MTs^[@R25]^. Spermine is a biological polyamine present at millimolar concentrations in eukaryotic cells, and, as an efficient counterion to anionic cytoskeletal filaments (e.g. F-actin and MTs), may have a regulatory role on the architecture of cytoskeletal networks in cells^[@R26]^.

In the current study we find that while the spermine-induced MT bundled structure ([Fig. 1b](#F1){ref-type="fig"}) is stable for long periods at concentrations just above the critical bundling concentration (C~c~) at room temperature^[@R22]^, at higher concentrations (several times C~c~), spermine triggers bundle disassembly by inducing a straight to curved transition and outwardly peeling of taxol-containing protofilaments within bundles ([Fig. 1c](#F1){ref-type="fig"}; see also [Fig. 3 a--d](#F3){ref-type="fig"} and [Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). Concurrently, the presence of counterion spermine leads to assembly of curved protofilaments (c-PFs) into a tubular structure ([Fig. 1d](#F1){ref-type="fig"}), which as transmission electron microscopy (TEM) shows, is distinct from tubules formed by GDP-PFs in the straight conformation. Furthermore, quantitative analysis of synchrotron small-angle-x-ray-scattering (SAXS) data reveals that the single-walled tubules consist of helical PFs with the tubules ordered into hexagonal bundles. Thus, as TEM and SAXS show PFs in the curved and straight conformations both form arrays of hollow nanometer scale tubules, but because of the inside-out curving of PFs during the peeling process, the surface which is on the *inside* of the B~MT~ tubes ([Fig. 1b](#F1){ref-type="fig"}) is *outside* on the new array of tubules, which we refer to as a bundle phase of inverted tubulin tubules (B~ITT~) ([Fig. 1d](#F1){ref-type="fig"}). Our discovery is consistent with the hypothesis that spermine controls the energy barrier between the straight and curved conformations of taxol-stabilized GDP-PFs, and as time-dependent SAXS shows, lowers the barrier with increasing concentrations.

Tubulin may be induced to form a variety of alternative structures in the presence of polycations and divalent cations^[@R27]--[@R33]^. Double-walled structures have been observed to result from tubulin in reassembly buffer (containing GTP) at 37 °C, which contains cationic DEAE-dextran^[@R27],[@R28],[@R30]^ or a range of synthetic polycations^[@R29]^. TEM shows that the double-walled structure consists of tubulin rings wrapped around a microtubule core^[@R27]--[@R30]^. Because more recent cryo-TEM studies have shown that tubulin rings have a natural inside-out curvature^[@R15],[@R12]^ then it follows that the rings in the doubled walled structures of the earlier work^[@R27]--[@R30]^ also have the same orientation. More recent cryo-EM studies of Mn^2+^ induced assembly of GDP-tubulin at 37 °C has revealed the formation of a different type of double-layered tubes with PFs aligned approximately perpendicular to the tube axis for both layers^[@R33]^. Cryo-EM reconstruction at 1.2 nm resolution shows that the outer wall consists of a tight one-start helix of 32 tubulin monomers with an inside-out orientation of the PF. The orientation and helical nature of the outer wall of these double-walled tubes appear to be quite similar to the single-walled inverted tubulin tubules (ITTs) described here.

In the work described here we show in some detail, using TEM and SAXS, the pathway of inversion of bundles of taxol-stabilized-MTs into bundles of *single*-walled tubules. The discovery of spermine triggered depolymerization of MTs is highly surprising given the known stabilizing effects of taxol on MTs against a variety of destabilizing conditions including cold^[@R16]--[@R19]^. Furthermore, while the depolymerization of taxol-stabilized MTs appears to have specificity (e.g., spermidine, a closely related oligoamine, does not depolymerize taxol-stabilized MTs on the time scale of 2 to 3 weeks) the formation of a variety of double walled structures from tubulin,^[@R27]--[@R30],[@R33]^ mixed with a range of cationic macromolecules or divalent ions, appears to be non-specific.

The transition from the B~MT~ to B~ITT~ phase is strongly temperature dependent varying between days to hours in going from room temperature (RT) to 0 °C with spermine concentrations in the millimolar range. A TEM micrograph of a relatively large bundle of taxol-stabilized MTs formed in the presence of 10 mM spermine (well above the critical bundling concentration C~c~ of 1.5 ± 1 mM) can be seen in [Fig. 2a](#F2){ref-type="fig"}. (The inset to [Fig. 2a](#F2){ref-type="fig"} shows the individual taxol-stabilized MTs at a lower magnification (18.18 μM tubulin, taxol/tubulin molar ratio = 0.55) in the absence of spermine.) For these preparations the B~MT~ phase is the dominant component for periods less than 10 days at RT after which coexistence with the new B~ITT~ phase is observed. At higher spermine concentrations (≥ 15 mM) at RT, the B~MT~ phase is progressively replaced by the new B~ITT~ phase after 10 days. A large bundle of the B~ITT~ phase 10 days after addition of 25 mM spermine to MTs at RT is shown in the TEM micrograph in [Fig. 2b](#F2){ref-type="fig"}. A high magnification example of a small bundle of the B~ITT~ phase prepared under the same conditions is shown in [Fig. 2c](#F2){ref-type="fig"}. The transition from the B~MT~ phase to this new phase is observed to occur on much shorter timescales at 4 °C where [Fig. 2d](#F2){ref-type="fig"} shows an example of the B~ITT~ phase 24 hrs after addition of spermine at a lower concentration of 12.5 mM. While the columnar nature of the phase is evident, the observation of striations *perpendicular* to the tube axis is striking (compare [Fig. 2 b--d](#F2){ref-type="fig"} to the MT bundle in 2a with protofilaments parallel to the tubular axis). As we describe below, SAXS data shows that the striations comprising the ITT walls correspond to helical protofilaments.

To discover the transient structures, along the transition pathway from the B~MT~ to the B~ITT~ bundled phase, a series of samples at 12.5 mM spermine were maintained at 4 °C (in a water bath) and imaged at various times (30 min, 1 hr, 2 hrs, 5 hrs, 19 hrs) to capture early, early-to-intermediate, intermediate, and late time frames in the structural evolution between the bundled states ([Fig. 3 a--k](#F3){ref-type="fig"}). At the very early stages of the transition from the B~MT~ phase (30 minutes post-addition of 12.5 mM spermine at 4 °C) with primarily MT bundles (B~MT~) present, TEM shows the inside-out curling of PFs, often at the ends of the bundles and sometimes along the body of the bundle ([Fig. 3 a--d](#F3){ref-type="fig"} and [Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). The diameter of the "pre-ring" curled PFs range from as small as ≈ 28 nm ([Fig. 3a](#F3){ref-type="fig"}) to as large as ≈ 45.1 nm ([Fig. 3d](#F3){ref-type="fig"}) and 49.8 nm (see [Supplementary Fig. S1 a--f](#SD1){ref-type="supplementary-material"} for diameters of a collection of "pre-ring" structures). Thus, while many initial curling PFs have a smaller diameter than the fully formed PF-rings observed at later times (discussed below) there are also examples of larger diameters. The large variation in the diameter at this "pre-ring stage" may not be surprising because the curling PFs are highly dynamical and the TEMs capture a moment during the peeling process.

[Fig. 3 e--k](#F3){ref-type="fig"} shows TEMs corresponding to later times along the transition at 4° C. TEMs after 1 hr and 2 hrs were qualitatively similar where MT bundles are seen to coexist with fully formed rings with *no hint of ITTs* ([Fig. 3e](#F3){ref-type="fig"}, early-to-intermediate stage TEM at 2 hrs). [Fig. 3 (f--i)](#F3){ref-type="fig"} shows intermediate stage TEMs of different regions of the same sample at 5 hrs where one can now see emerging short ITTs and ITT bundles (including an end-view of an ITT trimer in [Fig. 3g](#F3){ref-type="fig"}) co-existing with rings, MTs and MT bundles. Further along at 19 hrs, bundles of ITTs now dominate the structure at this late stage and fully formed bundles of ITTs are seen to co-exist with some rings, very few MTs and *no MT bundles* ([Fig. 3j](#F3){ref-type="fig"}). It is interesting to note that while the micrograph in [Fig. 3j](#F3){ref-type="fig"} shows a well-ordered bundle of ITTs, [Fig. 3k](#F3){ref-type="fig"} shows a more rare region of the same sample at 19 hrs where short emerging ITTs (with a few rings around them) appear to merge and interact laterally. The diameters of the rings seen in TEMs ([Fig. 3 e--k](#F3){ref-type="fig"}) are now seen to be comparable to the diameter of the ITTs ([Fig. 3 f--k](#F3){ref-type="fig"} and [Fig. 2 c, d](#F2){ref-type="fig"}). A notable observation in the TEM of [Fig. 3k](#F3){ref-type="fig"} is that one can see that the assembling rings along the tubes have highly non-uniform diameters (see e.g. arrows pointing to different diameters along the tube), which becomes more uniform ([Fig. 3j](#F3){ref-type="fig"}) once the ITTs are fully formed with the rings opening/fusing to form the helical PFs comprising the tubule wall (with the helical nature confirmed by SAXS). We do not expect the inside-out rings to further twist and expose another surface in the process of going from rings to the helical PFs, as this would result in a large elastic cost. Furthermore, the similarities in pitch and size between the single-walled tubule shown here and the outer layer of the previously observed double-layered tubule at 1.2 nm resolution^[@R33]^ strongly suggest that the outer surface of the ITTs corresponds to the inner lumen of MTs.

Observations from TEMs, covering the early to intermediate to late and final stages of conversion of the B~MT~ phase to the B~ITT~ phase, indicate that the tubulin rings are the building blocks of the nascent ITTs. The formation of inside-out rings ([Fig. 3 e](#F3){ref-type="fig"}) after the initial curling of PFs ([Fig. 3 a--d](#F3){ref-type="fig"}) and *before* the emergence of B~ITT~ structures ([Fig. 3 f--i](#F3){ref-type="fig"}), and their near absence in the B~ITT~ phase ([Fig. 2d](#F2){ref-type="fig"} after 24 hrs at 4 °C; see also the B~ITT~ phase TEMs at RT after 10 days in [Fig. 2 b, c](#F2){ref-type="fig"}), indicates that they have self-assembled, in the presence of cationic spermine, into the inverted tubulin tubules with the outer surface corresponding to the inside luminal surface of the MTs.

To further show that the rings are the building blocks of the ITTs we performed a comprehensive statistical analysis of the distribution in the ring diameters on a TEM of disassembling MT bundles, which showed a very large number of rings. [Fig. 4 a--c](#F4){ref-type="fig"} shows TEMs where after 15 minutes at T ≈ 0 °C (samples with 15 mM spermine immersed in ice) micrographs already show an intermediate regime with coexistence of MT bundles with short ITT bundles together with an abundance of tubulin rings surrounding the bundles and within bundles (see, e.g., arrow pointing to c-PFs in depolymerizing MT bundle in [Fig. 4b](#F4){ref-type="fig"}). [Fig. 4d](#F4){ref-type="fig"} shows a histogram (number of rings versus ring diameter) of 1439 rings taken from a large area surrounding the region shown in [Fig. 4a](#F4){ref-type="fig"} (see full size TEM in [Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}). The mean ring diameter is 38.6 nm with a standard deviation of 4.9 nm. We now see that the mean diameter of the inverted tubulin tubules observed in the TEMs ([Fig. 2 c, d](#F2){ref-type="fig"} and [Fig. 3 f--k](#F3){ref-type="fig"}) is *within the measured standard deviation (*± *4.9 nm) in the mean diameter of the 1439 rings*. The size measurements from TEM agree well with the analysis of the x-ray SAXS data, which shows that the diameter of ITTs in solution (with no distortions) is on average 40.2 nm (the TEM data is for samples under vacuum, which invariably leads to some level of distortions).

In order to gain quantitative insight into the Angstrom-level structure of the inverted tubulin tubules (ITTs), and the kinetics of the structural evolution from the B~MT~ to the B~ITT~ phase, we carried out a series of synchrotron SAXS studies of taxol-stabilized MTs at various spermine concentrations and over short and long times. The lower two profiles in [Fig. 5a](#F5){ref-type="fig"} show synchrotron SAXS intensity as a function of the magnitude of the scattering wave-vector q at RT for MTs and MT bundles (labeled B~MT~) in the presence of 5 mM spermine 10 days after bundle formation. After background subtraction (see Methods), the scattering from MTs can be quantitatively fit to \|F~MT~\|^2^ ∞ \|\[sin(q~z~L/2)/q~⊥~q~z~\]\* \[(R~in~+w)J~1~(q~⊥~(R~in~+w))-R~in~J~1~(q~⊥~R~in~)\]\|^2^, averaged over all orientations in q-space ([Fig. 5b](#F5){ref-type="fig"}, MT, solid line through data, open circles). Here, F~MT~ is the x-ray form factor of a hollow cylinder with an inner radius R~in~ = 80 Å, a wall thickness w = 49 Å, and length much larger than R~in~ (over 1000 nm)^[@R21],[@R22],[@R34],[@R35]^. (q~⊥~, q~z~ are wave-vectors perpendicular and parallel to the tubular axis, respectively, and J~1~ is the Bessel function of order 1.) The measured dimensions are consistent with high-resolution models of MTs with an average of 13 protofilaments^[@R13]^.

The diffraction peaks of the B~MT~ phase ([Fig. 5a](#F5){ref-type="fig"}) can be indexed to MTs arranged on a hexagonal lattice with a center-to-center distance a~H~ = 4π/√3q~10~. This results in diffraction peaks at q~10~, q~11~ = √3q~10~, q~21~ = √7q~10~, and q~31~ = √13q~10~. (The q~20~, q~30~, and q~22~ peaks are close to the minima of the MT form factor and appear as weak peaks.) The background subtracted SAXS data for unoriented MT bundles ([Fig. 5b](#F5){ref-type="fig"}, B~MT~, open circles) is well fit by the MT form factor multiplied by the structure factor and averaged over all orientations in q-space ([Fig. 5b](#F5){ref-type="fig"}, B~MT~, solid line). Following previous work the structure factor peaks at each reciprocal lattice vector **G**~hk~ were modeled as squared Lorentzians, \[A~hk~/(κ^2^ + (q~⊥~ − G~hk~)^2^)\]^2^, with G~hk~, amplitudes A~hk~ and a single peak width proportional to κ, as fitting parameters^[@R22]^. The non-linear least-squares fit of the model to the SAXS data gives a~H~ = 28.7 nm and κ = 0.0041 Å^−1^, which leads to an average bundle width L ≈ 2(πln4)^0.5^/κ = 101.3 nm, corresponding to an average of ≈ 3.5 MTs (see Methods).

For MT bundles at 15 mM spermine the SAXS data after 10 days at RT ([Fig. 5a](#F5){ref-type="fig"}) now shows evidence of coexistence of the bundled B~MT~ phase with the new B~ITT~ phase (arrow points to 1^st^ order diffraction peak of the B~ITT~ phase). At 30 mM spermine the entire sample is in the B~ITT~ phase after 10 days at RT ([Fig. 5a](#F5){ref-type="fig"}).

As mentioned earlier, the B~MT~ to B~ITT~ structural transformation at a constant spermine concentration is observed to occur at a greatly increased rate with decreasing temperature. At 2.5 ± 1.5 °C, MTs bundled with 2.5 mM spermine (where the B~MT~ phase is stable for more than 10 days at RT) are observed to have undergone the transition to the B~ITT~ phase after 12 hours ([Fig. 5a and 5b](#F5){ref-type="fig"}, top profiles). The data range from q values less than 0.1 nm^−1^ to a q of 1.4 nm^−1^, covering length scales from greater than 62 nm to 4.5 nm. For the low q range between 0.1 nm^−1^ and 1.0 nm^−1^ twelve Bragg peaks are clearly visible ([Fig. 5b](#F5){ref-type="fig"}) and can be indexed to a 2D hexagonal lattice.

A quantitative fit of the data to a model scattering curve after background subtraction ([Fig. 5b](#F5){ref-type="fig"}, top profile, black line) shows that the B~ITT~ phase consists of hexagonal bundles of helices. The model consisted of \|F~finite\ size\ helix~\|^2^ (where F~finite\ size\ helix~ is the form factor of a finite size helical tubulin-oligomer) multiplied by a Lorentzian squared structure factor (as described for the B~MT~ phase) and averaged over all orientations in q space. For an infinitely long continuous helix oriented along the z-helical axis F~helix~ is proportional to Bessel functions of order n, J~n~(q~⊥~R), located on discrete layer lines at q~z~ = 2πn/P, where n is an integer, P is the helical pitch, and R is the radius of the helix^[@R36]^. To take into account both the finite length of the helix and the thickness of tubulin we used: $$\mid F_{\text{finite\ size\ helix}} \mid^{2} \propto \Sigma n \mid J_{n}\left( q_{\bot}R \right) \mid^{2} \ast \exp\left\lbrack - \left( q_{z} - 2\pi n\slash P \right)^{2}{L_{z}}^{2}\slash 4\pi \right\rbrack \ast \exp\left\lbrack - \left( {q_{\bot}}^{2} + {q_{z}}^{2} \right){R_{g}}^{2}\slash 2 \right\rbrack$$

The first Gaussian function is Warren\'s approximation accounting for the finite length of the helix L~z~ = NP (where N is the number of turns in the helix) and replaces the delta function peaks defining the discrete layer lines q~z~ = 2πn/P for an infinite helix^[@R37]^. The second Gaussian term takes into account the finite cross-sectional size of the helical tubulin (i.e. the thickness of tubulin). Here, R~g~ is the radius of gyration of the cross-section of the helical tubulin^[@R38]^.

The B~ITT~ SAXS data is dominated by the n = 0 line for the lower q data (\< 1 nm^−1^) and the n = 1 line for the higher q data (\> 1 nm^−1^). Fits of the data over the entire q range to the model ([Fig. 5b](#F5){ref-type="fig"}, top profile, solid curve) gave a center-to-center distance of 45.6 nm for the inverted tubules. The bundle width inversely proportional to the width of the peaks was L ≈ 2(πln4)^0.5^/κ = 261 nm, which corresponds to an average of 5.7 helices. The fit also gave R = 20.2 nm for the radius of the helical PFs (*i.e*. obtained from the zeros of J~0~ (q~⊥~R)) consistent with the TEM of inverted tubulin tubules ([Fig. 2 b--d](#F2){ref-type="fig"} and [Fig. 3j](#F3){ref-type="fig"})).

The helical character of the tubulin oligomers, comprising the wall of the inverted tubulin tubule seen in TEM ([Fig 2 b--d](#F2){ref-type="fig"} and [Fig. 3j](#F3){ref-type="fig"}), is established unambiguously by the high quality of the fit of the model to the data in the higher q range (1.15 nm^−1^ \< q \< 1.4 nm^−1^) where the helical form factor \|F~finite\ size\ helix~\|^2^ is now dominated by the n = 1 term ([Fig. 5c](#F5){ref-type="fig"}, expanded view, data are open circles, solid line is fit to the helical model). The peak positions in the scattering data correspond precisely to the n = 1 layer Bessel Function J~1~(q~⊥~R) and gave a pitch of 5.29 nm with R = 20.2 nm. The best fit also yielded a physical radius of the tubulin cross-section (i.e. the thickness of tubulin)^[@R38]^, Rtubulin = √2 R~g~ ≈ 2.12 nm close to electron microscopy data (≈ 2.5 nm) on tubulin^[@R13]^, and an average helix height L~z~ ≈ 317 nm (∞ inverse width of the high q peaks of [Fig. 5c](#F5){ref-type="fig"}). If we fixed R~g~ at 1.77 (*i.e*. Rtubulin = 2.5 nm) the quality of the fit was only slightly inferior indicating that R~tubulin~ could not be determined better than ± 0.2 nm.

We compared this helical model to a model of stacked rings of protofilaments, which gave a poor fit. For this latter model a 1D structure factor along the stacking direction S(q~z~) = Aexp\[(q~z~ − 2π/d)^2^L ^2^~z~/4π\] was multiplied by \|F~Ring~\|^2^ ∞ \|\[sin(q~z~T/2)/q~⊥~q~z~\]\* \[(R~in~+w)J~1~(q~⊥~(R~in~+w)) - R~in~J~1~(q~⊥~R~in~)\]\|^2^, and orientationally averaged^[@R38]^. Here, F~Ring~ is the form factor of a ring with inner radius R~in~, thickness T (i.e. along the stacking direction) and width w. The dotted line in [Fig. 5c](#F5){ref-type="fig"}, which is not able to predict the correct peak positions, is the best fit of the data to the stacked-ring model (with d = 5.29 nm, T = 50 Å, w = 4.9 nm, R~in~ = 17.7 nm (consistent with R = R~in~ + w/2 = 20.2 nm determined by the minima in the low q data), and L~z~ = height of stacked rings = 343 nm). The chiral columnar nature of the B~ITT~ phase makes it closely analogous to the chiral discotic phases of thermotropic liquid crystals^[@R39],[@R40]^.

To gain further insight into the nature of this novel phase change driven by a conformational change in the tubulin subunit we have quantitatively characterized the kinetics of the B~MT~ to B~ITT~ transition. Samples in the B~MT~ phase were rapidly cooled to ≈ 0° C (via a x-ray sample holder in thermal contact with a water bath) and SAXS was used to follow their evolution over short time scales of order one to two hours ([Fig. 6a](#F6){ref-type="fig"}). The gradual transformation of the B~MT~ phase to the B~ITT~ phase shows that there are significant energy barriers separating these phases. Assuming the bundle diameter within a given phase does not significantly change, the amplitude of each peak is proportional to the number of bundles in that phase^[@R41]^. The (10) peak amplitudes are plotted as a function of time, t, in [Fig. 6b](#F6){ref-type="fig"} and fit to a simple model of the transition kinetics. The destruction of the B~MT~ phase was fit to a model assuming a constant rate of disassembly, R(B~MT~). Thus, the amplitude of the (10) peak of the B~MT~ phase was assumed to be proportional to exp(−R(B~MT~)t). The amplitude of the (10) peak of the B~ITT~ phase was fit to a function proportional to {1-exp\[-R(B~ITT~)t\]} with R(B~ITT~) a constant rate of assembly of the B~ITT~ phase. If the B~MT~ phase decayed directly into the B~ITT~ phase than R(B~ITT~) = R(B~MT~), otherwise they are not equal. For example, for 15 mM spermine ([Fig. 6a](#F6){ref-type="fig"}) fits to the data gave R(B~MT~) = 0.5 ± 0.1 hr^−1^ and R(B~ITT~) = 2.0 ± 0.2 hr^−1^ indicating that there is at least one intermediate state between the two phases. As described earlier TEM micrographs of samples transitioning from the B~MT~ to the B~ITT~ phase show that the B~MT~ phase disassembles into inside-out curling PFs with PF-rings self-assembling (in the presence of spermine) into the B~ITT~ phase. Thus, the transition between the two condensed phases occurs through a non-tubular intermediate.

The transformation of the B~MT~ phase, first to curved oligomers, and then to the B~ITT~ phase involves overcoming two energy barriers with corresponding time scales 1/R(B~MT~) and 1/R(B~ITT~). The rate limiting step in the disassembly of the B~MT~ phase to curved tubulin oligomers, in the presence of spermine, is presumably the rupture of the inter-protofilament bonds^[@R12]^, while the kinetic barrier for the conversion of tubulin oligomers to helical columns may be due to the electrostatic repulsion between anionic oligomers (which is counter-acted by cationic spermine). We have measured R(B~ITT~) and R(B~MT~) as a function of spermine concentration with SAXS ([Fig. 6c](#F6){ref-type="fig"}) and found the rates increase with spermine concentration. This finding establishes that spermine concentration modulates the barrier height between the straight and curved conformations of taxol-stabilized protofilaments, because the rate of disassembly, R(B~MT~), which increases with spermine concentration, is proportional to exp(−ΔE/k~B~T), where ΔE is the energy barrier and k~B~ is the Boltzmann constant. It further suggests that spermine enhances the association of c-PFs into helices.

We note that the disassembly of taxol-stabilized MTs in the B~MT~ phase, due to lowering of the straight-to-curved energy barrier, is specific and occurs with spermine and not with spermidine or oligolysine on the time scales of two to three weeks studied in this paper (even at T ≈ a few degrees °C where spermine disassembles the B~MT~ phase in hours). However, the assembly of tubulin rings (i.e. GDP-tubulin in the absence of taxol and GTP) into the B~ITT~ phase is non-specific and also occurs with other oligolysine (+5) and spermidine (+3) (see [Supplementary, Fig. S3](#SD1){ref-type="supplementary-material"}).

The work described here shows that spermine controls the straight to curved transition rate in taxol-stabilized GDP-protofilaments. This has led to the creation of microtubule bundles, which upon a spermine trigger, undergo a dynamical transformation to an assembly of inverted tubulin tubules. The creation of such robust assemblies where the "inner lumen" of MTs is stably exposed allows for a convenient platform for future experiments addressing interactions of biomolecules with the inner surface of MTs. Important examples of such molecules include, MT-associated-protein tau (implicated in certain neurodegenerative diseases^[@R42]--[@R44]^), which has been hypothesized to have a MT inner lumen binding site (in addition to binding sites on the outer surface of MTs)^[@R45],[@R46]^, and cancer chemotherapy drugs targetting the MT inner lumen^[@R16]--[@R19]^. More generally this work opens the path for a new paradigm for nanoscale assembly, which incorporates biological building blocks with "pre-programmed & triggerable" shape evolving property. Due to their inherent encoded properties many enzymes (similar to tubulin GTPase employed in the current work) would provide natural choices for building blocks of assemblies, which would disassemble on demand and reassemble the shape-remodeled building blocks into a different structure with distinct function. Novel applications may include encapsulation of molecules, in the initial structure, and release upon triggered disassembly.

Methods {#S1}
=======

Sample Preparation {#S2}
------------------

Purified tubulin was obtained from MAP-rich bovine brain MT protein as described by Miller and Wilson^[@R47]^. MTs were polymerized from tubulin at 4 mg/ml in 50 mM PIPES, pH 6.8, 1 mM MgCl~2~, 1mM EGTA, 1mM GTP, and 5% glycerol by incubating in a 37 °C water bath for 20 min. The MTs were then stabilized by the addition of 20μM taxol. The taxol-stabilized MTs were then sedimented through a sucrose cushion (to remove unpolymerized tubulin) and resuspended (to 4 mg/ml tubulin) with 20μM taxol-PEM~50~ buffer. The final concentration for all TEM samples was 2 mg/ml tubulin and 10 μM taxol (taxol/tubulin molar ratio = 0.55) after dilution by half by mixing equal volumes of MT and spermine (prepared using Millipore H~2~O (18.2 MΩ)). Just before TEM was performed the samples were diluted to 0.2 mg/ml at the desired spermine concentration and immediately imaged. We also checked selected TEM samples where the sucrose cushion step (i.e. to remove unpolymerized tubulin) was not performed. For these samples, TEMs depicting the early stage outwardly curling of PFs leading to MT depolymerization are unchanged (compare [Figs. 3 (a,d) to (b,c)](#F3){ref-type="fig"}). However, in addition to the new inverted tubulin tubules described in the paper we also observe co-existence with double walled tubule structures (see [Supplementary Fig. S4](#SD1){ref-type="supplementary-material"}). These double walled structures are not observed when the sucrose cushion step is employed. Previous studies have reported on similar double-walled structures obtained along a different pathway in mixtures of tubulin and cationic macromolecules^[@R27]--[@R30]^.

Samples for transmission electron microscopy experiments were prepared as follows. Highly stable Formvar carbon coated copper grids (Ted Pella) were loaded with sample and the excess solution was wicked off with Watmann paper, 1 wt% Uranyl Acetate was added for 20 sec, wicked off, and then washed with 5 drops of Millipore H~2~O (18.2 MΩ). Unless otherwise noted the samples were allowed to dry overnight before measurements. The x-ray samples were prepared by centrifuging the 2 mg/ml tubulin and 10 μM taxol preparations (with the various concentrations of spermine as noted in the text) at 16,000 g for one hour. The pellets and supernatants were transferred to 1.5 mm quartz capillaries and sealed with flame. The taxol-stabilized MTs used in the x-ray studies employed the sucrose cushion step to remove unpolymerized tubulin.

X-ray scattering {#S3}
----------------

Small angle x-ray scattering experiments were performed at beamline 4--2 of the Stanford Synchrotron Radiation Laboratory at 8.98 keV. Data analysis was done by incorporating the structure factors and form factors described in the text into widely available non-linear least squares fitting routines and independently in program X+^[@R48],[@R49]^. The background subtracted from the raw SAXS data consisted of a polynomial that passed through the scattering minima of the SAXS data^[@R21],[@R22],[@R34],[@R35]^. The width of the bundles in the B~MT~ and B~ITT~ phases were determined by matching the Lorentzian squared structure factor (\[A~hk~/(κ^2^ + (q~⊥~ − G~hk~)^2^)\]^2^) at \|q~⊥~− G~hk~\| = κ (with intensity at ¼ of the maximum) to a Warren-type Gaussian line-shape proportional to exp(−\|q~⊥~− G~hk~\|^2^L^2^/4π) describing a lattice with domain size L (also with intensity at ¼ of the maximum)^[@R37]^. This procedure leads to an average bundle width L ≈ 2(πln4)^0.5^/κ = 4.17/κ. Alternatively, one may obtain the proportionality between L and 1/κ (which is proportional to the bundle width) by independently fitting the data either to a Lorentzian squared or a Warren-type Gaussian (which does not fit as well as a Lorentzian squared) and directly comparing L and 1/κ. This procedure yields L ≈ 3.8/κ (which is within 10% of the former procedure).

Electron Microscopy {#S4}
-------------------

Transmision experiments were performed at 80 kV in a JEM 1230 (JEOL) instrument at the University of California at Santa Barbara ([Fig. 2 a--c](#F2){ref-type="fig"}, [Fig. 4 a--c](#F4){ref-type="fig"}, and [Fig. S2](#F2){ref-type="fig"}) and at 300 kV in a JEM-3011HR (JEOL) electron microscope in the National Nanofab Center at KAIST ([Fig. 2d](#F2){ref-type="fig"}, [Fig. 3](#F3){ref-type="fig"}, [Fig. S1](#F1){ref-type="fig"}, and [Fig. S4](#F4){ref-type="fig"}).
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![Schematic of a spermine (4+)-induced inversion process from bundles of taxol-stabilized microtubules (B~MT~) to bundles of inverted tubulin tubules (B~ITT~)\
**a** and **b**, Taxol-stabilized microtubules (MTs, **a**) may be induced to form MT bundles above a critical concentration of spermine (4+) counterions (B~MT~, **b**). The bundles result from the nonspecific electrostatic attraction between spermine coated MTs. **c** and **d**, For concentrations several times larger than the critical bundling concentration a specific spermine-triggered straight-to-curved conformation transition in protofilaments, leads to MT disassembly into curved protofilaments (c-PFs) within the bundles (**c**). Concurrent to MT disassembly spermine counterions induce non-specific assembly of c-PFs into the B~ITT~ phase (**d**). Both phases are hierarchically ordered, liquid crystalline nanotubes, but the tubes are inverted: the tubulin surface, which is on the inside of the tubes in the B~MT~ phase is on the outside in the B~ITT~ phase.](nihms-545401-f0001){#F1}

![TEM of taxol-stabilized microtubule bundles (B~MT~) and the new spermine-induced phase of bundles of inverted tubulin tubules (B~ITT~)\
**a**, A typical transmission electron microscopy (TEM) image of a taxol-stabilized microtubule bundle (10 mM spermine, room T) showing striations parallel to the cylinder axis due to the protofilaments. The bundle phase is dominant for less than 10 days. **Inset**, Taxol-stabilized microtubules with straight protofilaments. **b** and **c**, An example of a large bundle of inverted tubulin tubules (**b**, B~ITT~) and a higher magnification of a smaller B~ITT~ (**c**) where protofilaments appear as striations perpendicular to the cylinder axis. TEMs are for 25 mM spermine mixed with taxol-stabilized MTs and imaged after 10 days at room T. **d**, Example of the B~ITT~ phase formed 24 hours after addition of 12.5 mM spermine at 4 °C. Arrow points to overlapping protofilament rings. In this sample preparation a sucrose cushion to remove unpolymerized tubulin (which was used for TEM samples (**a--c**)) was not employed and inverted tubulin tubules depicted here co-exist with double-walled structures shown in [Supplementary Fig. S4](#SD1){ref-type="supplementary-material"} (see Sample Preparation in the Methods section). All TEMs were at taxol/tubulin molar ratio = 0.55.](nihms-545401-f0002){#F2}

![Time-dependent TEM of the pathway of inversion of taxol-stabilized microtubule bundles (B~MT~) into bundles of inverted tubulin tubules (B~ITT~) at 4 °C and 12.5 mM spermine\
**a--d**, Transmission electron microscopy (TEM) of early stages of microtubule (MT) bundle disassembly at 30 minutes showing the inside-out curling of protofilaments (PFs) into "pre-ring" structures with a large variation in their diameters (see [Supplementary Fig S1](#SD1){ref-type="supplementary-material"}). This stage corresponds to [Fig. 1c](#F1){ref-type="fig"}. **e**, Early-to-intermediate stage TEMs at 2 hrs show the presence of fully formed rings surrounding MT bundles, which dominate the phase at this early-to-intermediate stage where the inverted tubulin structure has not yet formed. TEMs at 1 hr show similar structures. **f--i**, Intermediate stage TEMs at 5 hrs showing short inverted tubulin tubules (ITTs) and ITT bundles (including an end view of an ITT trimer in **g**) co-existing with rings, MTs, and MT bundles. **j**, Late stage TEM at 19 hrs show fully formed bundles of ITTs and few isolated MTs and rings during this late stage. (In the final stage, in the B~ITT~ phase, no remaining MTs (and extremely few rings) are found as seen in [Fig. 2](#F2){ref-type="fig"} both at room T ([Fig. 2 b, c](#F2){ref-type="fig"}) and at 4 °C 24 hrs post addition of 12.5 mM spermine ([Fig. 2d](#F2){ref-type="fig"}).) **k**, A TEM of a different region of the same sample as in (j) at 19 hrs showing a rare region where short ITTs appear to be forming from the assembly of rings. The variation in the diameter of assembled rings is visible during ITT formation as discussed in the text. The rings in (**e--k**) have diameters ≈ the diameter of the ITTs. In the measurement of ring size the longer axis was taken because tilts in the ring make it appear as elliptical with the longer axis being a closer estimate of the true diameter. The sample preparations for TEMs (**b, c** at 30 minutes) and (**e--k** at 2, 5, 19 hrs) employed a sucrose cushion to remove unpolymerized tubulin after taxol-stabilization of MTs. The sucrose cushion was not employed for TEM samples (**a, d** at 30 minutes) (see Sample Preparation in the Methods section). All TEMs were at taxol/tubulin molar ratio = 0.55.](nihms-545401-f0003){#F3}

![Size distribution of ring-like protofilaments in the coexistence regime of disassembling microtubule bundles (B~MT~) and assembling bundles of inverted tubulin tubules (B~ITT~) from TEM\
**a--c**, Transmission electron microscopy (TEM) images (15 minutes after addition of 15 mM spermine at 0 °C) show coexistence of B~MT~ with short bundles of inverted tubulin tubules (B~ITT~). Also seen are proliferation of ring-like curved protofilaments c-PFs, both in the vicinity of the bundled structures and within disassembling MT bundles (arrows pointing to c-PFs in (b) and (c)). **d**, Size distribution of 1439 rings in a larger part of the sample surrounding the region shown in the TEM in (**a**) (see [Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}). The total number of rings in each box (with a width of 3 nm) is indicated at the top of each box. The mean size of 38.6 nm with a standard deviation of 4.9 nm for the rings is consistent with the diameter of ITTs (≈ 40.4 nm) measured with SAXS of undistorted bundles of ITTs in solution. All TEMs were at taxol/tubulin molar ratio = 0.55.](nihms-545401-f0004){#F4}

![Synchrotron SAXS data of taxol-stabilized microtubule bundles (B~MT~) and bundles of inverted tubulin tubules (B~ITT~)\
**a**, Bottom profile shows synchrotron small-angle-x-ray-scattering (SAXS) data of taxol-stabilized microtubules (MT). The second through fourth profiles from bottom are SAXS data from room temperature samples taken 10 days after mixing increasing amounts of spermine with MTs: 5 mM spermine shows 2D hexagonal bundles of MTs (B~MT~); 15 mM spermine shows coexistence of the B~MT~ phase with the new phase of bundles of inverted tubulin tubules (B~ITT~, arrow points to first order diffraction peak); and 30 mM spermine shows the B~ITT~ phase. Top profile shows SAXS of the B~ITT~ phase formed at ≈ 2.5 ± 1.5 °C 12 hours after placing microtubules in the B~MT~ phase, with 2.5 mM spermine. **b**, Three scattering profiles from (**a**) (bottom two and top curves) after background subtraction with fitted model scattering curves (solid lines) as described in the text. Twelve peaks of the B~ITT~ phase can be indexed to a 2D hexagonal lattice. **c**, Expanded high q region showing comparison of scattering data to a model where the inverted tubulin columns consist of either helical protofilaments with a tight pitch (solid line, which fits the data well) or stacks of rings of curved protofilaments (dotted line, which does not fit the data). All samples were at taxol/tubulin molar ratio = 0.55.](nihms-545401-f0005){#F5}

![Time-dependent synchrotron SAXS data of the transition kinetics from bundles of microtubules (B~MT~) to bundles of inverted tubulin tubules (B~ITT~)\
**a**, The B~MT~ phase was suddenly taken from room temperature to ≈ 0° C and the resulting transition to the B~ITT~ phase was followed in real time (t) by synchrotron small-angle-xray-scattering (SAXS). The profiles are for SAXS scans of a sample with 15 mM spermine taken at the temperature change (t = 0), thirteen minutes after the temperature change, and subsequently every ten minutes. The scans are offset for clarity with t = 0 at the bottom and t = 93 minutes at the top. **b**, The amplitude of the (10) peak of the B~MT~ phase (open diamonds) and the B~ITT~ phase (open squares) obtained from best fits for the data in (**a**). For simplicity, the (10) peak of the coexisting B~MT~ and the B~ITT~ phases were fit to Gaussians. **c**, Rates of disassembly of the B~MT~ phase (R(B~MT~), open diamond) and creation of the B~ITT~ phase (R(B~ITT~), open squares) as a function of spermine concentration obtained from fits to SAXS data (as in (**a**) and (**b**) for 15 mM spermine). All SAXS samples were at taxol/tubulin molar ratio = 0.55.](nihms-545401-f0006){#F6}
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